Groups of Romney Marsh ewes (n = 24) were injected with exogenous melatonin or subjected to extended darkness or a combination of both at dusk from the winter to the summer solstice before being re-exposed to the natural photoperiod at 35\s=deg\S.The animals were at all times exposed to natural dawn. The onset of subsequent oestrus was delayed when compared with controls subjected to the natural photoperiod. Either melatonin or darkness or a combination were equally effective at delaying oestrus. The results are consistent with a hypothesis based on an external coincidence model of seasonal breeding involving the coincidence of a light-sensitive phase set close to dusk that, when exposed to light in spring and summer, prepares the reproductive axis to respond correctly to the direct effects of the inductive photoperiod in autumn. The offset of the time of oestrus was not affected by the experimental treatments nor was the timing of the subsequent reproductive season. Since melatonin was as effective as darkness at influencing the assumed photosensitive signal, even in the presence of natural light, melatonin may act through the light reception system.
Introduction
The mechanism of photoperiodic time measurement may involve the presence of an endogenous circannual cycle of reproductive activity that is precisely synchronized to the optimum time of year by the natural change in photoperiod and the interaction of the pineal hormone melatonin (Malpaux et ah, 1989; see Karsch et ah, 1991 for review). The exact way in which melatonin interacts with the putative endogenous annual rhythm of reproduction is still unknown. The most widely studied hypothesis is that the differing duration of melatonin secretion provides the important signal through the year (Rollag et ah, 1978;  Lincoln and Short, 1980; Arendt et ah, 1981; Kennaway el ah, 1983; Karsch et ah, 1986 ). An alternative hypothesis is that the timing of breeding depends on the coincidence of a circadian phase sensitive to melatonin with endogenous melatonin secretion (Rollag el ah, 1978) ; evidence for this hypothesis has been limited because it is difficult to determine a circadian phase sensitive to melatonin.
The control of melatonin secretion is believed to reside in the spontaneous circadian activity of the suprachiasmatic nucleus (SCN) of the hypothalamus (Moore and Klein, 1974; Lincoln et al, 1985) . Thus, melatonin has proved useful as a peripheral marker of changing endogenous (circadian) activity or the 'biological clock' (Illnerova and Vanacek, 1982, 1983; Lewy, 1983) . We presented evidence that the usual reported pattern of endogenous melatonin secretion in Romney Marsh sheep, which is closely linked to the duration of darkness, may not be fully representative of the SCN signal but reflects only a gated version (by natural photoperiod) of clock activity particularly in the spring and summer. Measurements of melatonin secretion under conditions of acutely extended (to avoid entrainment effects) darkness suggest that there is a period, particularly during the spring and summer, when the natural light of dusk suppresses the expression of melatonin (Matthews et al, 1992) . This induction of SCN activity before dusk in spring and summer, but after dusk in winter, may provide an alternating light-dark signal throughout the year to prepare the repro¬ ductive axis during long days to respond directly to autumn. In the current experiment the hypothesis that the time preceding dusk in long days is crucial to the timing of seasonal repro¬ ductive activity and is more influential than the autumn period in timing reproductive activity was tested. at physiological or higher values for 5 h were determined in a group of age-matched Romney Marsh ewes. Oral, i.m. and s.c. melatonin administration at a range of doses were adminis¬ tered, followed by collection of blood samples at intervals of 30 min for 5 h. The dose and route selected were 1.0 ml i.m. injection of 3.0 mg melatonin (Sigma Chemical Co., St Louis, MO) in 10% ethanol-90% peanut oil. The plasma clearance of melatonin injections is shown in the results section.
The experiment was performed on 1.5-year-old Romney Marsh ewes (n = 24) at the Waite Agricultural Research Institute, South Australia (35°S). Sheep were acclimatized for 3 weeks before treatments began at the winter solstice (June 1989); all ewes were initially confirmed to be in oestrus by laparoscopy. Ewes were physically and visibly isolated from rams throughout the entire experiment.
The treatments were conducted in open-sided sheds with good access to natural light at all times of the day and year. Animals were randomly assigned to four groups: (a) control;
(b) melatonin treated; (c) afternoon darkness; and (d) afternoon melatonin treatment and darkness. All animals received either a melatonin or control injection each day at 15:00 h during the treatment phase. The groups not treated with melatonin received an injection of 1.0 ml 10% ethanol-90% peanut oil. Groups (a) and (b) received only natural light and were housed in individual pens. Groups (c) and (d) were subjected to early afternoon darkness and were housed in groups of four in three larger pens. Darkness at 15:00 h was achieved by the use of light-proof blinds, which were removed well after natural sunset to allow access to the natural light of dawn. At the completion of the treatment period (the summer solstice), all animals were placed in an open paddock for the remainder of the study. The exogenous melatonin and additional darkness treatments were given daily at 15:00 h to ensure coverage of the proposed sensitive phase identified by Matthews et al.
(1992) between winter and summer.
Before the experiments began, and at intervals of 1 month until the completion of treatment, blood samples of 10 ml were collected from all sheep at intervals of 30 min (by syringe and needle) to determine the onset of the endogenous melatonin rise. The actual sampling times varied between groups to ensure the melatonin rise was detected, and collection of blood samples from all animals was carried out within 6 min (maxi¬ mum) of the stated collection time. Animals receiving exogen¬ ous melatonin did not receive a melatonin injection on the sampling night. In October, sampling at intervals of 30 min was conducted in the morning to determine the offset of high endogenous melatonin concentrations.
At the completion of the treatment period, oestrus was monitored by the collection of blood samples of 10 ml twice a week for the determination of plasma progesterone concen¬ trations. Animals were considered to be in oestrus when progesterone concentrations exhibited a regular pattern of rise and fall. The commencement of oestrus was taken as the date of the first progesterone value recorded above the anoestrous baseline value when part of a recurrent cyclic pattern. The offset of oestrus was taken as the date of the last progesterone value above baseline at the completion of the cyclic progesterone pattern.
All times were corrected for local summer time and therefore based on the natural photoperiod. After oestrus all animals were maintained in natural conditions, and similar measure¬ ments were made to determine the time of onset of the next (1991) oestrus.
Melatonin measurement
Melatonin was assayed in duplicate with 500 µ plasma aliquots using the extracted radioimmunoassay method of Kennaway et al (1982) , with modifications by Earl et al (1985) .
The intra-assay coefficients of variation over repeated measure¬ ments at concentrations of 250 pmol 1~1 and 1200 pmol 1_ I were 10.6% (n = 19) and 6.8% (n = 19), respectively. The interassay coefficients of variation over the course of the assays at similar concentrations were 12.5% (n -18) and 9.6% (n = 18), respectively. The sensitivity of each assay was calcu¬ lated as 95% of the zero standard and the mean and sem of all assays was 74.2 pmol 1_I (±19.1 pmol 1_I). Samples from each month's collection were normally measured over four assays, with all samples from one treatment group in the one assay. The onset (and offset) of the melatonin rise was defined as the initial sample with detectable (or absent) melatonin above (or below) the assay sensitivity, provided subsequent samples sustained the rise (or absence).
Progesterone measurement
Progesterone was assayed using the direct 125I radio¬ immunoassay of Farmos Diagnostics (Turku), and charcoalfiltered sheep plasma was used as a quality control. The recovery data on spiked samples of 4.5 nmol 1~, 9.1 nmol 1_ and 18.2 nmol 1" : were 100%, 99.0% and 97.3%, respectively. The intra-assay coefficients of variation over repeated measure¬ ments at concentrations of 6.4 nmol 1~ and 30 nmol 1~ were 7.4% and 9.5% (n = 23), respectively. The interassay coefficients of variation over the course of the assays at similar concentrations were 16.6% and 10.0% (n = 23), respectively. The sensitivity of each assay was calculated as the smallest detectable concentration, equivalent to twice the SD of the zero binding value (approximately 0.5 nmol 1~I ) as per the manufacturer's protocol.
Statistical analyses
The rise (and fall) of melatonin was tested against the time of dark onset (or offset) by using one-sample Student's t tests on the resultant intervals between the rise (or fall) of melatonin and the time of dark onset (or offset). The onset of oestrus between groups in 1989 and 1990 was tested using unpaired I tests on the day of onset of oestrus; and day 1 was the summer solstice of the previous year (21 December). Similarly, the day for the completion of oestrus (1990) was calculated from the summer solstice set as day I. The duration of oestrus was also tested using unpaired i tests of the number of days in oestrus for each animal. of all animals were 250 pmol 1_1 or greater, and after 5 h melatonin concentrations were 87 pmol 1~ or greater (Fig. 1) . At the completion of the experimental treatment period on 21 December (the summer solstice), natural sunset time is 19:29 h (4.5 h after injection time), an injection of 3 mg melatonin would therefore be expected to maintain at least the physiological value from 15:00 h to the onset of natural darkness throughout the treatment period. The results of collection of blood samples at intervals of 1 month for the monitoring of the onset of the melatonin rise are illustrated (Fig. 2 ). Contamination of samples in the June and July samples precluded reporting of these results. The contamination was assumed to result from the handling of the concentrated melatonin solution for injections, and all handling and cleaning procedures were modified to avoid contamination for the remainder of the experiment.
Results
Groups (a) (1991) .
Discussion
Administration of darkness or exogenous melatonin or both factors at dusk between the winter and summer solstices was effective in delaying oestrus compared with controls submitted to the natural photoperiod. Since all groups of sheep were exposed to the natural photoperiod from the summer solstice, it seems that the observed differences in oestrus timing were due to the treatment programmes. The effect achieved can be explained by the treatments interfering with the reception of a light-based signal, probably (though not studied here) co¬ incident with the commencement of SCN activity. The results are consistent with the findings of a number of studies (Robinson et al, 1985; Malpaux et al, 1989 ) that a long-day signal is necessary to time breeding. Extending darkness or providing exogenous melatonin at dusk has in previous studies served only to advance the breeding time when given close to the natural time of breeding (Kennaway et al, 1982; Nett and Niswender, 1982; Arendt et al, 1983) . Such results are consistent with darkness or melatonin mimicking the autumn (or direct) effects on repro¬ duction by simply extending the duration of melatonin se¬ cretion. The current findings that similarly timed treatments at dusk delayed oestrus has demonstrated the need for a prelimi¬ nary long-day signal to sensitize the reproductive system for a response to the autumn photoperiod to occur.
The finding that melatonin injections (group (b)) are as effective as darkness (group (c)) at delaying oestrus suggests that the assumed photosensitive phase to light 'interprets' melatonin as darkness. Presumably, this blocking effect during the time of long photoperiod is similar to the advancement of oestrus by melatonin administration after the summer solstice (Kennaway et al, 1982; Nett and Niswender, 1982; Arendt el al, 1983) . Exactly how melatonin equates to darkness under these circumstances remains unknown. AH experimental groups presumably had melatonin present during the time of the assumed photosensitive phase (groups (c) and (d), en¬ dogenously owing to the additional darkness, and group (b), exogenously) and therefore it is not possible to distinguish between the effect of darkness and melatonin.
Measurements of endogenous melatonin concentrations dur¬
ing the experiment (under treatment conditions) confirmed that the onset of melatonin secretion with additional darkness at dusk (groups (c) and (d)) occurred earlier than in controls. It is not clear whether this reflected a true phase advance of the onset oscillator (single or multiple) or whether true clock activity was simply unmasked. An advanced rise in the endogenous melatonin concentration was not seen in group (b) animals that, although subjected to regular melatonin injections before natural dusk, were housed in natural conditions and therefore had access to natural light. There was therefore little evidence that melatonin phase-advanced circadian activity when administered in the presence of natural dusk light. (for August to December) and offset (October), with the sem indicated for each measurement. The winter and summer solstices and the spring equinox are noted. Clock times have been adjusted for periods of daylight saving.
However, no definite statements can be made concerning the true onset position of SCN activity, since measurements of melatonin concentrations in acutely extended darkness were not performed in this particular study. After the summer solstice, all sheep were exposed to the natural photoperiod and the offset of reproductive activity was not different in any group. Thus, the overall duration of oestrus was shorter than normal in all three groups that commenced activity later than the controls. O'Callaghan et al (1992) suggested that genetic differences may explain differences in duration of endogenous reproductive activity between breeds.
The results of this study do not suggest a defined duration to the breeding season that can simply be phase-shifted by manipulating the photoperiod before the summer solstice.
Rather, they suggest a common response to some environ¬ mental event, possibly photoperiod, to terminate the breeding season. Since breeding extends past the winter solstice, the termination signal may involve a response to increasing day length. Although the increase in photoperiod (at the latitude of the experiment) is about 30 min when breeding ceases, there is evidence (C. D. Matthews, M. V. Guerin and A. J. Napier, unpublished) that at this time light is already impinging on SCN activity at the onset of dusk.
The onset of the following oestrous season (1991) was normal in all groups, although about 2 weeks later than in 1990. Thus, the experimental treatment did not influence the following breeding season. This has been a common finding in a number of studies (Stables et al, 1992) .
The protocol of this study was designed to give access to natural dawn on all days, which gradually becomes earlier from spring to summer. The tau (the period of the endogenous circadian activity) of the Romney Marsh sheep appears to be Currently, our working hypothesis is based on the external coincidence model of Pittendrigh and Minis (1964) . The crucial element of this model is a photosensitive phase to light set close to dusk, which, if illuminated in the long summer photoperiod, sensitizes the reproductive axis so that the shortening photoperiod of autumn is able to induce reproduc¬ tive activity directly. This photosensitive phase is phase-locked with the commencement of endogenous circadian SCN activity or 'clock'. The clock itself is responsive to photoperiodic changes that effectively phase-advance in the summer and phase-delay in the winter. The underlying mechanism of this phase shift is the physiology of the phase response curve and partly as a result of phase advances of the clock and partly because of the later dusk of summer, the photosensitive phase, being phased-locked with clock activity, is exposed to the light of dusk in the long photoperiod. After the summer solstice the clock tends to delay and, together with an earlier dusk, this precludes dusk light from the photosensitive phase and induces reproductive activity. This study has confirmed that the interruption of a photosensitive phase at dusk between winter and summer by darkness or melatonin or both factors delays the timing of the subsequent autumn oestrus. The hypotheses should be further tested by experiments designed to allow phase changes of the clock to avoid reception of the light signal or to provide a long-day signal earlier than normal.
